The original van Laar equation for representing the excess Gibbs free energies of liquid mixtures contains certain deficiencies that have prevented the equation from being applied to multicomponent systems. We have analyzed the temperature dependency of the energy parameter in modern cubic equations of state and modified the original van Laar equation with a view to extending the equation to multicomponent systems. It is found that the consideration of the temperature dependency of the energy parameter has lead to a modified van Laar equation involving additional terms. These extra terms serve to provide some physical significance that can be attached to the van Laar equation to allow it to unambiguously represent the behavior of the excess Gibbs free energy and activity coefficients of nonideal solutions. The final form of the modified van Laar equation for multicomponent mixtures involves two size parameters and an interaction parameter for each of the constituent binary pairs; the latter parameter replaces a term consisting of a combination of the two energy parameters and two size parameters for the components in a binary mixture. For mixtures involving only hydrocarbons the size parameters can be readily calculated from the critical properties by means of any of the cubic equations of state of the van der Waals type.
INTRODUCTION
Vapor-liquid equilibrium (VLE) calculations constitute an important part of the engineering calculations encountered in chemical engineering practices. The main objectives of these calculations are to determine the compositions of the equilibrating phases in the system in question and subsequently the thermophysical properties, such as the heat capacity, enthalpy, entropy, and density, of the coexisting fluids. There are two approaches to accomplishing these calculations. One is the equation-of-state approach in which a single equation of state is used to represent the behavior of both the liquid and the gas phases. The other approach involves the use of an equation of state to represent the behavior of the gas phase and an excess Gibbs energy model to represent the behavior of the liquid phase. Among the many excess Gibbs free energy models published in the open literature, only a few have found widespread usage. In particular, the Margules equation [1] , the van Laar equation [2, 3, 4] , the Wilson equation [5] , the NRTL equation [6] , and the UNIQUAC equation [7] are listed in the compilation published by DECHEMA [8] and these equations are essentially the mainstream models. Of all these models, the van Laar model is the only one that was originated from a combination of an empirical equation of state with the rigorous thermal equation of state.
The original expression proposed by van Laar to represent the excess Gibbs free energy contains two energy parameters and two size parameters that characterize the *Address correspondence to this author at the Department of Chemical Engineering, University of Saskatchewan 57 Campus Drive, Saskatoon, Saskatchewan S7N 5A9, Canada; Tel: 1-306-966-4767; Fax: 1-306-966-4777; E-mail: dyp913@mail.usask.ca components in a binary system. The corresponding expressions for the activity coefficients can be readily derived by mathematical manipulation. However, the original forms of the van Laar equations did not find wide use except in textbooks as an example of solution theory. One could suggest a couple of reasons for this unfortunate consequence. One is that the use of the van der Waals parameters did not lead to any quantitative agreement between the calculated activity coefficients and the experimentally measured values. The other reason is that the form of the original van Laar equation dictates that the excess Gibbs energies calculated according to this equation can never be negative. Involving only two empirical parameters that are determined by means of fitting the experimental data, the modern forms of the van Laar equations can be applied to systems that exhibit negative deviations from Raoult's law. Nevertheless, these empirically evaluated parameters not only have masked the physical significance that can be attached to the van Laar equations, but also have prevented the van Laar equations from representing the behavior of multicomponent systems.
While there have been a number of attempts, for examples, such as those made by White [9] , Wohl [10] , Black [11] , and Chien and Null [12] , to extend the original van Laar equations to multicomponent systems, none of these attempts could be considered satisfactory and truly representing an extension of the original van Laar equations. In this study, we have rectified the excess Gibbs free energy equation developed by van Laar and extended the reformulated equations to multicomponent systems.
THE ORIGINAL VAN LAAR EQUATIONS
In 1906 van Laar [2] postulated that the behavior of two pure liquids and that of the resulting mixture when these two pure liquids are mixed could be represented by the van der Waals equation. He then proposed a reversible thermodynamic path to represent the mixing process and manipulated the thermal equation of state to develop an expression for the heat of mixing. He used the conventional quadratic mixing rule for the energy parameter a and the linear mixing rule for the size parameter b. The resulting equation has the form
Upon making further assumptions that the mixing process involves no volume change and that the entropy of mixing is identical to that of an ideal solution, van Laar concluded that the expression for the excess Gibbs free energy is identical to that for the heat of mixing. Thus, the original van Laar equation implies that the excess Gibbs free energy, the excess internal energy, and the excess Helmholtz free energy are all equal to the excess enthalpy. Once the expression for the excess Gibbs free energy is established, the corresponding expressions for the activity coefficients can be obtained by differentiation according to the principles of thermodynamics. Thus, the original van Laar equations for the activity coefficients of the components in a binary mixture are given by
and
The limitation of the above equations is obvious. The perfect square term in the right-hand members of these equations precludes their application to systems exhibiting negative deviations from Raoult's law. This term also erroneously implies that components with identical critical pressure would form an ideal solution. Van Laar, however, expressed the activity coefficients in terms of two dimensionless auxiliary variables r and and wrote the following equations for the partial pressures of the components:
where
Equations (4) and (5) are essentially the basis for the Carlson-Colburn [13] forms of the van Laar equations for the excess Gibbs free energy and the logarithms of the activity coefficients:
It can be readily shown that the parameters A and B in the Carlson and Colburn [13] forms are related to the dimensionless variables r and by the following equations:
In spite of the success of the equations (8) to (10) in correlating the experimental data of binary systems by using only two empirical constants, these equations cannot be extended to multicomponent systems.
REFORMULATION OF THE VAN LAAR EQUA-TIONS
The perfect square term appearing in equation (1) was a direct result of van Laar's strict adherence to the van der Waals equation by treating the energy parameter a as a constant. Had van Laar had access to any of the modern cubic equations of state, he would have considered the effect of temperature on this parameter and developed a model that would be applicable not only to systems exhibiting positive deviations from Raoult's law but also to systems exhibiting negative deviations.
Let us consider a generic two-parameter cubic equation of state of the form
where the a and b are, respectively, the temperaturedependent energy parameter and temperature-independent size parameter and the u and w in the denominator are constants.
Upon adopting the same mixing rules and procedure as those used by van Laar in the development of his equation for the excess Gibbs free energy, we have obtained the following equation for the excess Gibbs free energy for a binary system:
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It is clear that the value of 12 as represented by equation (15) cannot be categorically declared as either positive or negative or zero without completing the calculations term by term. Thus, the excess Gibbs free energy represented by equation (14) can be positive, negative, or zero depending on the relative magnitude of the terms enclosed in the parentheses. The physical significance of equation (14) is quite clear: whether a binary system is a positive deviation system or a negative deviation system is entirely defined by the sign of the interaction parameter while the magnitude of the deviation is a result of this parameter in combination with the volumetric effects of the components. To illustrate the characteristics of the values of 12 , we have used the PRSV equation of state [14, 15] The excess Gibbs free energy equation for binary systems can be readily extended to multicomponent systems. The resulting excess Gibbs free energy equation and the corresponding equations for the logarithm of the activity coefficient of the k-th component in an N-component system are
In particular, the equations for a ternary system are given by
APPLICATION OF THE REFORMULATED VAN LAAR EQUATIONS
We have found that the size parameters for hydrocarbons, which generally belong to the normal fluids, can be estimated from the critical constants by means of any of the cubic equations of state that conform to the generic cubic equation of state represented by equation (13) . In this paper, all size parameters including those for the polar components were calculated by means of the Peng-Robinson equation of state [16] according to the equation
The critical constants along with the calculated size parameters for ten hydrocarbons and four non-hydrocarbons are presented in Table 1 .
As the size parameters have units of cm 3 mol -1 , the interaction parameter 12 has units of mol cm -3 . However, for simplicity, all parameters may be taken to be dimensionless without affecting the calculated VLE results. It should be (2) ; n-hexane (1) + benzene (2) ; chloroform (1) + methyl acetate (2) ; benzene (1) + methyl acetate (2) ; n-butane (1) + n-heptane (2), ; methanol (1) + water (2) . noted that for a binary system, if necessary, the value of one of the size parameters can be arbitrarily set and the values of the other size parameter and the interaction parameter can then be determined by regression on the VLE data. This is so because the three parameters in the reformulated van Laar equation for a binary system are related to the coefficients in the Carlson and Colburn [13] forms by the following simultaneous equations:
The reformulated van Laar model was tested by correlating the VLE data of a number of hydrocarbon systems. The optimal values of the binary interaction parameters for all the binary systems were determined by means of Barker's method [17] . For each of the binary mixtures tested, the correlation of the VLE data was essentially a one-parameter regression process because the size parameters have already been calculated by means of Equation (24) . The optimal interaction parameters determined from VLE data measured under isobaric conditions are presented in Table 2 whereas those determined from data measured under isothermal conditions are presented in Table 3 . As shown in Figs. (2 to 19) , the VLE values of the hydrocarbon systems as well as the two strongly polar non-hydrocarbon systems all can be accurately represented by the reformulated van Laar equations with constant size parameters.
For each of the benzene-alkane pairs, the interaction parameters appear to be linearly dependent on temperature; the value of 12 decreases as the temperature is increased. It is interesting to note that the two sets of data reported for the {cyclohexane + n-heptane} system at 101.33 kPa would characterize this mixture differently. The data obtained by Myers [23] can be represented by the reformulated van Laar equations with a positive interaction parameter. However, the data reported by Sieg [22] would characterize this mixture as a negative-deviation system because the interaction parameter determined from the data has a negative value. In practice, the {cyclohexane + n-heptane} system could be considered an ideal solution and the small values of the interaction parameter probably resulted from experimental errors. Similar reasoning may be used to explain the small negative value of the interaction parameter for the {benzene + toluene} system.
Although the size parameters generated by an equation of state are not necessarily suitable for polar fluids, some VLE values of non-hydrocarbon mixtures can be correlated by using the equation-of-state-based size parameters and a suitable interaction parameter. It is remarkable that the VLE data for the methanol-water system can be very well correlated by means of a single set of equation-of-state-generated size parameters over the temperature range of 25 to 60 o C with temperature-dependent interaction parameter. The root-meansquares (RMS) errors of the calculated VLE values along with the number of data points used are also presented in Tables 2 and 3 for each of the systems considered. These values may be used as a guide to assess the quality of the experimental data when more than one set of data were measured at the same temperature or pressure condition for the same mixture but the RMS errors were quite different. It is also remarkable that the VLE data reported by Byer et al. [44] and Van Ness and Abbott [45] for the chloroformtetrahydrofuran system at 30 o C can be accurately represented by the reformulated van Laar equation with a single adjustable parameter.
The capability of the reformulated van Laar equations in representing the VLE values of multicomponent mixtures was tested by using the parameters determined from the experimental VLE data for the constituent binary mixtures to predict the bubble-point pressures and bubble-point temperatures of the {n-hexane + cyclohexane + benzene} system. The predicted values were then compared with the experimental values reported by Li et al. [50] and those by Ridgway and Butler [18] , respectively. As shown in Figs. (20 and  21) , respectively, the predicted values agree very well with the experimental values. In particular, the RMS deviation of the predicted bubble-point temperatures was 0.19 o C and that of the predicted bubble-point pressures was 0.032 kPa. The corresponding RMS errors of the vapor compositions were 0.0060, 0.0062 and 0.0046 for the bubble-point temperature predictions and 0.0041, 0.0076, and 0.0062 for the bubblepoint pressure predictions. Similar calculations were also made to compare the predicted VLE values with the experimental results reported by Katayama et al. [40] and Myers [51] for the {n-heptane + cyclohexane + toluene} system. The comparisons are shown in Figs. (22 and 23) , respectively. The RMS errors were 0.17 kPa and 0.37 o C, respectively. The corresponding RMS errors of the predicted vapor compositions were 0.0059, 0.0081, and 0.0086 for the bubble-point pressure predictions and 0.0042, 0.0068, and 0.0049 for the bubble-point temperature predictions. These comparisons serve to show that the reformulated van Laar equations can be used with the information obtained from the constituent binary systems to predict with very good accuracy the behavior of multicomponent hydrocarbon systems.
The reformulated van Laar equations were tested for its capability to predict the VLE values of multicomponent systems involving non-hydrocarbons or polar fluids. The size parameters calculated from the critical constants were used to represent the hydrocarbon components. However, the parameters calculated in the same manner did not always represent the polar components as well as they did the binary systems of water-methanol and chloroform-tetrahydrofuran. Thus, to predict the VLE values of polar-componentcontaining multicomponent systems, one would have to de- Fig. (20) . Comparison of the predicted bubble-point pressure with the experimental values reported by Li et al., [50] for the {n-hexane + cyclohexane + benzene} system at 298.15 K. Fig. (21) . Comparison of the predicted bubble-point temperature with the experimental values reported by Ridgway and Butler [18] for the {n-hexane + cyclohexane + benzene} system at 101.33 kPa. termine the optimal size parameters for the non-hydrocarbon components and the binary interaction parameters by regression on the VLE data of all constituent binary systems. A more extensive account of the application of the reformulated van Laar equations to multicomponent mixtures involving one or more polar components is in preparation and will be presented in a forthcoming paper
CONCLUSIONS
The original van Laar equation for the excess Gibbs free energy of mixing has been rectified by taking into consideration the temperature-dependency of the energy parameter in modern cubic equations of state. A simplified expression has been obtained by grouping all terms involving the energy parameters into a single parameter to characterize the interaction between two different molecules in a mixture. The reformulated van Laar equation has been successfully applied to multicomponent hydrocarbon mixtures as well as mixtures involving non-hydrocarbons. For the hydrocarbon systems, the size parameters can be accurately calculated by means of the critical constants of the constituent components and the correlation of the VLE data of a binary hydrocarbon system is reduced to a simple one-parameter searching process. [40] for the {n-heptane + cyclohexane + toluene} system at 298.15 K.
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Fig. (23).
Comparison of the predicted bubble-point temperature with the experimental values reported by Myers [51] for the {n-heptane + cyclohexane + toluene} system at 101.33 kPa.
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